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Human Life Support Requirements:

Inputs Outputs

Daily (% total [ Daily
Rgmt mass)

Oxygen  0.83kg 7% | Carbon  1.00 kg
Food 0.62 kg /o dioxide
Water 3.56 kg | Metabolic 0.11 kg
(drink and solids
rep.) [ 59 05 Kk
26.0 kg % =k
(hy ush fi 2
laundry, dishes) (laundry / dish
[E

TOTAL 31.0 kg
TOTAL 31.0 kg

Source: NASA SPP 30262 Space Station ECLSS Architectural Control Document
Food assumed to be dry except for chemically-bound water.




Photosynthesis for Life Support
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PLANTS /AGLAE / CYANOBACTERIA

1956: Photosynthesis for Life Support
US Navy looking at algae for O, production / CO, removal
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Early Studies Focused on Algae
and Cyanobacteria (1950s and 1960s)

Chlorella pyrenoidosa TX71105 (thermotolerant 39°C)
Other species of Chlorella, Anacystis, Synechocystis,
Scenedesmus, Synechococcus, Spirulina were studied
Development of culture systems (chemostats, turbidostats)
Protocols for harvesting and nutrient replenishment
Studies with animals (e.g., mice, monkeys) and humans

Interest in Assimilation and Respiration Quotients (AQ
and RQ)

Concepts for
Algal Production
Systems

(R.W. Krauss. 1962. Amer. J.
Botany 49:425-435.)




Observations from Algae / Cyano Studies:

Positives
high photosynthetic efficiency and biomass
productivity
ood volume efficiency

y--minimum wastage of light

alatabili
long-term, sustained production challenges
gas / liquid phase issues for p-gravity
no transpiration advantage for water purification
not convenient for point source lamps

Costs of Life Support Options for Space
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EXPENDABLE REGENERATION FOR:

~FOOD ond FECES
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TIME

I A generolized diogrom illustroting the Ironsition from an expendable system te o portially cloted ecorysiem,
Gheria of feasibility ore represented by fhe fimes of the numbered crossover peints desigrated for soch of the
woeeding regenerative steps: 1. weter, 2. gor exchange, 3. food and feces. Arews on the ordincte designate the
fied cot of processing equipment, including the energy source bul mol expendable fuel, needed for sach regenero-
tive step.

From: J. Mvers. 1963. Space biologv: Ecological aspects. Amer. Biol. Teacher 25:409-411




Biologistics for Space
Systems Symposium

419 pp with Chapters on

Algal Gas Exchange
Photosynthetic Mechanisms
Waste Regeneration
$Pac¢ ﬂ,g(gmg Nutritional Support in Bio-

. v regenerative Systems
sympostum o Use of Higher Plants
may 1962 1 L Lettuce

Chinese Cabbage
(Cabbage
- Cauliflower
Celery
Kale
Turnip
Endive
Dandelion
Swiss Chard
Radish
New Zealand Spinach
Tampala
Sweetpotato
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CONFERENCE ON

NUTRITION IN SPACE anD Closed Life
RELATED WASTE PROBLEMS Support:

Sy Al NASA's Early Interests
- ot g (1964)

April 27-30, 1964

The conference, sponsored by the National Aeronautics and Space Admin-
istration and the National Academy of Sciences with the cooperation of the
University of South Florida, was directed by Dr. T. C. Helvey, Associate Pro
fessor, University of South Florida.
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NASA Studies in the 1960s
Hydrogenomonas

6 H, + 20, + CO, —> (CH,0) + H,0

Humans

(CH,0) + 0, —> CO, +H,0

Electrolysis

6H20 _> 6H2 o 302



Photosynthesis in Space

Spirodela (duckweed) and Chlorella)

C.H.Ward. S.S. Wilks, and H.L. Cr
Dev. Indust. Microbiol. 11:276-295

Bioregenerative Life Support for Space:

Some Reviews of Work in 1950s and 1960s:

» Eley, J.H. and J. Myers. 1963. A study of a photosynthetic
gas exchanger. A quantitative repetition of the Priestley
Experiment. Texas J. Sci. 16:296-333.

Miller, R.L. and C.H. Ward. 1966. Algal bioregenerative
systems. In K. Kammermeyer (ed.) Atmosphere in Space
Cabins and Closed Environments. Appleton-Century-Croft,
NY.

Taub, F.B. 1974. Closed ecological systems. /n: R.F.
Johnston, P.W. Frank, and C.D. Michener (eds.) Annual
review of Ecology and Systematics. 5; 139-160.




Testing with Higher Plants
and the CELSS Program

 Higher plants (crops) more acceptable as a
food source

« Improved productivity of plants in
controlled environment agriculture (CEA)
— Hydroponic culture
— HID Lighting
— CO, enrichment

* Broad information base on agronomic spp.

Josef Gitelson and Henry Lisovsky at Bios 3 Facility in Krasnoyark, Siberia
Algae testing in 1960s and then primarily higher plants in 1970s and 1980s




Bioregenerative Life Support Testing
around the World

1980

NASA'’s Bioregenerative Life Support Testing

1990

STS-73

Potato J Rutgers NSCORT

Leaves Tomato
Purdue NSCORT Purdue
Cowpea Rice NSCORT

ISS Wheat

Universities

~
&

Most activities terminated ca. 2006-2007

Centers >




Some Crops for Life Support

W EE Wheat
Potato

Carrot

Radish

Beet

Soybean 0
Potato Soybean
Lettuce [ Rice

Sweetpotato | Peanut
Peanut ‘ Dry Bean [ Lettuce Nut Sedge
Rice { Tomato [ Carrot Onion
Sugar Beet Carrot ‘ Rape Seed (Canola) Cabbage
Pea Chard Soybean Tomato
Taro | Cabbage ‘ Peanut Pea
| Chickpea Dill
Lentil Cucumber

Tomato Salad spp.

Onion
Chili Pepper

Winged Bean
Broccoli
Onion
Strawberry

2 Tibbitts and Alford (1982);  © Hoff. Howe. and Mitchell (1982);  © Salisbury and Clark (1996)

“ Gitelson and Okladnikov (1994)—diet also included supplemental animal protein and sugar

NASA'’s Biomass Production Chamber (BPC)

Control Room
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20 m? growing area; 113 m* vol.; 96 400-W HPS Lamps;
3 -1 ai ion- 5. -, .
400 m?® min" air circulation; two 52-kW chillers | - Hydroponic Systom
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Timeline of Bioregenerative Life Support Research at Kennedy Space Center

1985

LEDs (lottuce) __ LEDs (spinach
HPS/MH (soybean) 5 HPS (tomato) LEDs (wheat) /> LEDs (radish)

\\5 \\:?”.. > L S
Breadboard VS aem¥ I ﬂ 1 .
| ted L'.nﬁ. v Lettuce ﬂ Tomato Tomato |
Tm in BPC - J“ 11 5 1 Radish
otato
20 m? /f'> /r‘? L E (mixed crop)
o Tilapla Respiration \$ o
Aquaculture Crop Testing / Bioreactor Effluent
Tilapla / Plants Effluent Tolerance
R T P Collulase P . - Sodium Recycling with Plants
esoul u
Recovery @ Triskodurmse o, Composting
(Lab Scale) Lab C8TRs Leaching Studies Anserobic Systems Fixed Film Reactors
Blnnucluu Intermediate CSTRs s Sorboe NET

Lettuce NFT Different Surfactants

* In addition to annual RTOP and Program Reviews
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Soybean

(Glycine max)

Wheeler et al. 2004 Eco-Engineering 16:209-214.

Lettuce

(Lactuca sativa)

Wheeler et al. J. Amer. Soc. Hort. Sci. 119:610-6135.
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Potato

(Solanum tuberosum)

T

Wheeler, 2006. Potato Research 49:67-91).

Current Crop
Testmg




Effect of Light on Crop Yield

Studies Total
[ ]
Include: Biomass

Wheat (4)
Soybean (4)
Potato (4)
Lettuce (3)
Tomato(2) it
iDle

Biomass

Crop Yield (g m2d")

40 50 60 70 80
Photosynthetically Active Radiation (mol m= d-')

Wheeler et al. 1996. Adyv. Space Res

Productivity, and Crop Area Requirements

Productivity ~— .=

Area Required (m? / person)
Productivity (g m2 day)

30 40
Light (mol m2 day')

Wheeler,.2004. Acta Hort.




Photosynthetic Radiation at Mars Surface over 2 Martian Years

Oaily isgratee PPF pmoim 39"

Dy Pgrane i PFE il - 4al')

Dy lagraied Oifuse PO ol e 3oi"

» ® -
[

Figure 11 The daily integrated wotal, dicect, and diffuse PPF versus latitude and Martian Sol for two Mars years, The labeled sols
correspond to the start of each season on Mars, For example. sol 150 corresponds to the Northern Autumnal equinox.

Surface Deployable
Greenhouse Concepts

— Inflatable, low mass, easy stowage
— Might be covered at night

— Operated at low pressure

Rygalov et al. 2004, Hab

15



Buried Plant Chambers with Indirect Solar Lighting

Solar Collectors
with Fiber Optics
of Light Pipes

Buried Chambers
for Radiation
Protection

Copyright Sadler Machine Co. 9/10/99

Salad Machine Concept for Early Missions

Fresh Foods

: W G Colors
' : A Texture
e : o Flavor
: . 9 Antioxidants

Bright Light
Aromas

Gardening
Activity

MacElroy, R.D., M. Kliss, and C. Straight. 1992. Adv. Space Res.
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Relaxation / Quiet Area by the Plant Chamber at US
South Pole Station

View of Sitting Area (Anteroom)
Adjacent to the Plant Chamber
at US South Pole Station

Essential Elements for Plants and Humans

Plants Humans

Nitrogen Nitrogen Sodium
Potassium Potassium Fluorine
Calcium Calcium lodine
Magnesium Magnesium Selenium
Phosphorus Phosphorus Silicon
Sulfur Sulfur Chromium
Manganese Manganese Arsenic
Iron Iron Vanadium
Chlorine Chorine Tin

Zinc Zinc

Copper Copper

Molybdenum Molybdenum

Nickel Nickel

Boron

Humans require more micronutrients and relatively high sodium levels in comparison to
plants. Recycling human wastes (e.g. urine) to plants could result in sodium build-up

Wheeler, 2000. In: Lane and Schoeller (eds.) Nutrition in spa andw




Sodium Recycling in Closed Systems

Cultivar Selection and Development

Several Universities:
Cultivar Comparisons
(W at

lett ato

Utah State University:
Super Dwarf Wheat

Apogee Wheat
Perigee Wheat
Super Dwarf Rice

Tuskegee University:
ASP Sweetpotato (GMO)

= 3 X total protein and
starting cultivar
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Higher Plants to Support 1 Human

(Includes Food, O,, CO, Removal and Water Purification)

— (20 g m2 d! dwt yield) x (4 kcal g'!)
= 80 kcal m d-!

— (2500 kcal person! d!) /(80 kcal m= d)
=31 m? person’!
...40 m? / person

— Japanese IES Studies, 100-120 m? / person
for more complete dietary needs.

Space F/,ght Mizuna in Lada on ISS
Experiments ; "

Wheat in SVET
on MIR

Potato Leaves
on STS-73
in Astroculture
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= Bjoregenerative Life Support Technology Development Plan

Element Lead
NASA Ko Crop Systems Element, NASA Exploration Life Support Program

raymond m wheeler @nasa gov

Add Modules to Reach

Salad & Staple Crops . >
s : Salad Crops Lunar Croj 85% Food, 100% Air
Mission Lunar VPU | yioim Desn il Sy Bk Ragen. 65, T00/n 6
Obijective (\21 m?)Fr (E_m :‘:::")0 (~10 kW Power) Crew of 4 (assumes improve-
) egetables 5&* of F‘;°"b‘:°: of Air ments in crop productivity
wgen. for nen; from preceding R &D).
2 LunarVPU || *Frocessed Grope MattianVPU |  Add Modules Based on
: Expanded Solar* with Back-up Initial Module LL_my Teding to Im:reate_g
Vegetative Crops (10m?) Electric Lighting (10m?) Bioregenerative Capabilities
Flowering, Fruiting Crops T-:‘hkmm and Outpost Autonomy
Sustained Operation
2010 2020 | 2030 2040 2050
/
Baseline Testing with Lada (IMBP) ‘¢’
Food Safety Analysis / HACCP S « Integrated Testing with ECLS PC Systems
VEGGIE Hardware(?) with LEDs 1
= sustained ops on orbit & Mars 10 m? Prototype - Sustained Ops / Reliability Testing
Improved p-g Watering

*Optimization LEDs, Solar Collector Demonstration <> L m2P ) o )
*NSF South Pole Greenhouse / Human Factors unar 30 rototype — Sustained Ops / Reliability Testing

*Radiation Testing with Crops 3 Note: Clean water production data
*Hypobaric Tests & can be gathered throughout all

< Lunar 10 m? Prototype — Sustained Ops / Reliability Test | baseline and prototype testing; current

rate = 5 kg (L) clean water generated

2 salads / day; 10 m? chamber; 120 = 500-day tests; gray water per m?of crops per day. (Assumes

recycling; food safety, reliability / failure is; ESM esti direct gray water input to plants)

< 'Lunar VPU 2m? Prototype — Sustained Ops / Reliability Testing

Possible T s controlled environment agriculture, dwarf growth, harvest index, nutritional attributes, use g‘
recycled nutrients, LED lighting and tolerance, shelf life, NH -+ , Na tole , high CO,

Technology Development and Testing
* Solar light applicable for lunar polar settings, e.g. Shack Crater and mid-latil on Mars (Clawson, 2007)

NASA Contingent of Researchers Visiting Russia (19¢
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Treatment Systems

Plants for
Purifying
Gray Water

Bioreactors
for Water
Processing

Morales et al. 1996. FEMS Microbial Ecol
Rector et al. 2007, J. Membrane Sci
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